Research into many facets of experimental biology has been dominated by inbred mice since they were first derived \>100 years ago.\[[@ref1]\] Inbred mice have made a vital contribution to our understanding of transplantion biology\[[@ref2]\] and immunology, by disclosing the multiple cell subpopulations that contribute to the diverse immune pathways and the regulatory and effector molecules that influence the highly plastic immune system of higher organisms. The ability to transfer syngeneic cells from inbred donors to histocompatible recipients has made an important contribution to understanding the cellular molecular basis of many areas of immunological research and has underwritten most of the theoretical dogma of modern immunology.

Research findings from inbred mice continue to dominate published outputs (\>80%) in fundamental immunological research involving infection, allergy, autoimmunity and cancer. Nonetheless, while inbred mice have been valuable in illuminating the rich tapestry of immune circuitry they have provided more limited insights into the underlying mechanisms involved in complex, naturally occurring diseases. These include infection,\[[@ref3]\] malignancy,\[[@ref4]\] metabolic\[[@ref5]\] and neurological disorders,\[[@ref6]\] where inbred mice have not elucidated the mechanisms of disease or facilitated therapeutic interventions or have allowed translation of fundamental discoveries into applied solutions. Two important human diseases; malaria and tuberculosis (TB), will be used to highlight the limitations of inbred murine models to advance knowledge into infectious diseases that affect outbred human or domestic livestock populations.

 {#sec1-1}

Malaria {#sec2-1}
-------

A striking example of the limitations of inbred murine models is seen from multiple murine studies designed to evaluate novel therapeutics for cerebral malaria in humans.\[[@ref7]\] In a large series (48) of therapeutic interventions evaluated over the past two decades in mice, 44 (92%) were considered to prevent or ameliorate the cerebral disease, preventing or reducing disease severity by 50-100%. In stark contrast, only 1/11 human adjunctive intervention therapies trialed over the same timeframe provided a mortality advantage. Explanations that have been advanced to account for this dichotomy include the diverse phenotypes of the pathogen studied (*Plasmodium falciparum* \[human\] vs. *Plasmodium berghei* ANKA \[mice\]), the host genotype (Polymorphic genetics - humans vs. monomorphic genetics - mice), phenotypic differences, driven by closed (murine) versus open (human) environments, immunopathology (Intravascular coagulation \[human\] vs. inflammation \[murine\]), or the intervention strategy (prophylactic \[mice\] vs. therapeutic \[human\]). Irrespective of the point of difference,\[[@ref7]\] inbred mouse model studies appear to have serious limitations in informing new approaches to solve the human malaria conundrum, by developing effective prophylactic vaccines to prevent infection or therapeutics to treat affected individuals. An evaluation of animal models for malaria,\[[@ref8]\] involving 22 international experts failed to reconcile the points of differences between the expectations of human researchers and the outputs from murine malaria models.

TB {#sec2-2}
--

A huge research investment has been made in the past two decades in an effort to develop new vaccines that provide prophylactic or therapeutic protection against human TB caused by *Mycobacterium tuberculosis*. This is because the existing human Bacille Calmette-Guerin (BCG) vaccine is considered to provide suboptimal protection against TB in humans, domestic livestock and wildlife, all of which are affected by naturally occurring disease. BCG was derived by Calmette-Guerin in 1908 from a primary isolate of *Mycobacterium bovis*; isolated from a tuberculous cow, that was subsequently passaged in the laboratory \>120 times to produce the safe live attenuated BCG vaccine. This was first introduced as a prophylactic vaccine for human TB in 1921 and since then it has been used in more than 1 × 10^9^ people world-wide, without significant side-effects or adverse reactions. Although it has not resulted in the eradication of TB world-wide it has made a dramatic impact on severe disease (tubercular meningitis and miliary TB) in generations of children that have been vaccinated with BCG over the past 90 years. Nonetheless, it is far from optimal as a single dose vaccine for adults, where its widespread use has failed to control pulmonary disease or prevent spread of infection, especially in developing countries.\[[@ref9]\]

Since 1990 in excess of US\$200 million has been invested in research world-wide to develop improved vaccination protocols to improve the efficacy of human and animal TB vaccines. New candidate vaccines that have been developed include recombinant BCG, *M. tuberculosis* auxotrophs, recombinant virus and recombinant mycobacterial peptides that are first screened in inbred mice to establish immunogenicity and "proof-of-efficacy". Tests carried out on more than 200 candidate vaccines has failed to show one single candidate vaccine that has superior efficacy to BCG.\[[@ref10]\] This has refocused the direction of research such that the current goal is not to replace BCG, but to develop a complementary vaccine that can be used to boost levels of protective immunity following primary vaccination with BCG.\[[@ref10]\]

There are currently up to 12 candidate TB vaccines in the pipeline in Phases I, II or III clinical trials. Testing these in human clinical trials is extremely expensive and fraught with challenges. The lead candidate vaccine (modified vaccinia virus ANKA 85A \[MVA85A\]), first tested in inbred mice\[[@ref11]\] is a recombinant MVA that contained the 85A gene, which codes for a major cell wall antigen found in *M. tuberculosis*, *M. bovis* and BCG. It was seen to produce significantly increased levels of protection when used to boost inbred mice, previously vaccinated with BCG. Considering that this study provided the foundation data to justify further trials with the MVA85A vaccine in primates and later in humans, it is surprising that researchers dismissed the finding that prime-boost with homologous BCG gave equivalent levels of protection to that seen with prime BCG followed by boosting with MVA85A. Superior protection against experimental infection with virulent *M. tuberculosis*, instilled into the lungs of vaccinated mice, was seen when the vaccine was administered intranasally rather than subcutaneously. Again two doses of BCG gave equivalent levels of protection as BCG-MVA85A. Subsequent vaccine efficacy studies\[[@ref12]\] in non-human primates also showed that the vaccine was safe and stimulated protection against experimental challenge with virulent *M. tuberculosis*. A recent safety/efficacy trial on infants vaccinated with BCG and boosted with MVA85A showed that while the recombinant vaccine was safe for use in infants it produced no demonstrable protective efficacy against TB.\[[@ref13]\]

Outbred Animal Models for Infection {#sec1-2}
===================================

While inbred mice may provide spurious information for the study of TB it must be recognized that in selected areas of research that has involved murine virus infection, inbred mouse strains have provided outstanding fundamental information that has influenced the central dogma of immunology. The study of lymphocytic choriomeningitis virus in inbred strains of mice unraveled the importance of the critical role of the major histocompatibility complex markers for the recognition of virus infected cells by T cells (Tc).\[[@ref14]\] This has become a critical paradigm that has facilitated the discovery of cytotoxic Tc, essential for immune protection against virus infection. Nonetheless, the widespread use of inbred mice in other areas of infectious disease research has provided limited metrics for immune function that are necessary to develop improved immunodiagnostics for infectious diseases, immune markers for protection to aid development of new vaccines or a better understanding of heritability of resistance or susceptibility to important infectious diseases that affect humans and domestic livestock. A number of researchers\[[@ref15][@ref16]\] have expressed concern about the undue reliance on the inbred mouse for immunology studies. Others suggest new approaches in human clinical immunology\[[@ref17]\] or the use of experimental animal model including ruminants (cattle, sheep or goats)\[[@ref18]\] or swine\[[@ref19]\] will more accurately reflect functional pathways of protective immunity and pathology, that occur naturally in response to infection or vaccination.

The contrasting features of experimental studies involving inbred mice and outbred animal models are shown in [Table 1](#T1){ref-type="table"}, highlighting the advantages of two model systems. Based on the relative weighting it would appear that inbred mice have significant advantages based on cost, easy of handling, availability of reagents, technology platforms and genomic information. In reality, the fact is that inbred mice, with a homozygous genotype are intrinsically restricted and unrepresentative and rarely express a phenotype for disease that equates with that found in wild type mice, outbred animals or humans. In disease research host phenotype is paramount, where the experimental model must mimic the patterns of disease that occur naturally in the host, which in part explains why inbred mice are so limited as models for TB. Mice appear relatively resistant and do not develop TB naturally and when experimentally infected with *M. tuberculosis* or *M. bovis* they produce pathology that is completely different from that seen in TB animals or people. By contrast domestic animals produce TB pathology that is indistinguishable from humans and show a spectrum of disease severity that equates with the relative susceptibility or resistance of individuals within an outbred population.

###### 

Advantages and limitations of animal models for infectious disease research
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When developing experimental animal models due cognizance must be given to the protocols for both the establishment of infection and vaccination, in order to accurately monitor infection or disease outcomes to monitor the efficacy of vaccines or effect of therapeutics. Ideally, infection should be established by a natural route using the minimum dose of the pathogen necessary to produce a predictable response. The resulting experimental challenge should produce patterns of infection and disease that are similar in their range and severity to that seen to occur naturally.

While conducting vaccine efficacy studies it is necessary to consider additional levels of stringency to control for all the variables that may influence the metrics for vaccine efficacy. Ideally these should reflect phenotypic modifiers such as intercurrent infection, climatic and environmental variables that may influence host phenotype and impact on vaccine efficacy. It is self-evident that a well-fed, pathogen-free inbred mouse held under sterile housing conditions in a biosafety level 3 facility, does not faithfully reflect the environment of an infant in an underdeveloped country or a lamb, calf or piglet on a conventional farm. When using animal models for efficacy testing of new TB vaccine the variables which must be taken into account are listed in [Table 2](#T2){ref-type="table"}.

###### 

Variables that impact on TB vaccine efficacy studies
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Experimental Studies in Farmed Deer {#sec1-3}
===================================

During the past 20 years, we have explored a number of strategies for the control of mycobacterial disease in livestock and consider that these findings may be translated to other species for the control of mycobacterial diseases such as TB in humans and other ruminant species. Our studies have involved TB, caused by infection of cattle and deer with *M. bovis* and *M. paratuberculosis*, which causes Johne\'s disease (JD); a chronic enteritis in cattle, deer and sheep. As the majority of our research has been carried out with farmed deer this review will outline the chronology of the research findings in deer. It will cover the evolution of the research to develop laboratory-based diagnostics, for use in test and cull programs, to research into vaccination and the discovery of heritable resistance to infection. The study of this exotic farmed species highlights the challenges associated with the intensified farming of a new species, but also identifies the opportunities to study novel animal species now that we have access to new molecular immunology platforms available to study infection in outbred populations. Deer also present unique opportunities to study how individual genotypes influence disease phenotypes as the process of domestication of these wild animals for intensive introduces stressors that can amplify the disease phenotypes.

Within a decade of the first intensive management of wild captured deer (Circa 1970), TB infection was identified as a disease that had the potential to compromise successful domestication of deer. In 1985, our laboratory was commissioned by the New Zealand Deer Industry to develop a laboratory test for TB diagnosis in deer to complement the existing intradermal cervical skin test (CT). The CT had been used for \>50 years to diagnose TB infection in humans and domestic livestock (mainly cattle). The deer industry was concerned about the performance of CT for TB diagnosis in deer, because it produced False (+) reactions in deer exposed to non-pathogenic environmental mycobacteria and False (−) reactions in a proportion of TB animals. Our laboratory developed a composite blood test for TB (BTB)\[[@ref20]\] which measured antibody, T-cell transformation and inflammatory markers, simultaneously. This test improved the precision of TB diagnosis in deer allowing for the salvage of False (+) CT reactors and culling of BTB (+)/CT (−) non-reactors. The value of the laboratory-based tests is evidenced by the striking progress in TB control in farmed deer over the past 3 decades, where infected herd numbers decreased from \>200 herds in the 1980s to \>5 in 2012. This is impressive considering the ongoing threat of TB infection in livestock in New Zealand posed by wildlife reservoirs of TB infection (e.g., possums/ferrets).

Retrospective post-mortem analysis of thousands of deer from which BTB tests had been carried out prior to slaughter, showed clearly that different components of the BTB could be used to predict whether individual animals were immune, infected or diseased, after exposure to pathogenic mycobacteria (*M. bovis*).\[[@ref21][@ref22]\] The ability of these tests to predict that an individual animal could become immune after exposure to virulent *M. bovis* prompted us to hypothesize that a proportion of animals were resistant to infection and could develop a protective immune response. In order to explore if protective immunity and disease resistance was attainable it was necessary to develop an experimental infection model and hence that we could trace the course of infection from exposure to virulent *M. bovis*, through to development of immunity, infection or disease. In a comparative study involving multiple routes of exposure (intratracheal, intratonsil, intranasal and subcutaneous) to virulent *M. bovis* the intratonsilar route of exposure was shown to be superior to all others in that it produced disease that was indistinguishable from TB in naturally infected animals.\[[@ref23]\] All other routes of exposure produced aberrant or inconsistent responses that did not resemble TB in deer. Intratonsilar challenge with 100 colony forming units of virulent *M. bovis*, instilled with a blunt needle into the crypt of the tonsil, produced a spectrum of reactivity in different animals that ranged from, infection without any pathology, through to single lesions or generalized lesions involving lymphatic or bacteremic spread to multiple organs. The histopathology of the lesions in experimentally infected animals was indistinguishable from that seen in naturally infected animals, where lesions were also found at equivalent sites throughout the body. The validity of the intratonsilar infection model has subsequently been confirmed in Cape buffalo\[[@ref24]\] and cattle.\[[@ref25]\] The intratonsilar infection model in deer is sufficiently sensitive that it can be used to measure levels of infection as reflected by the recovery of live bacteria from infected tissues, or patterns of disease, as defined by the severity of the histopathological changes. Data from the vaccine studies\[[@ref26]\] using BCG vaccines showed that a single dose of live BCG given to 3 month old deer produced protection against disease but did not protect against infection. Protection against infection is considered to be the "holy grail" in TB vaccinology. By contrast prime-boost live BCG vaccination protected against animals against disease and infection. Killed BCG vaccines were ineffective and the protective effect of live BCG ×2 was ablated in animals treated with steroids. Subsequent studies\[[@ref27]\] showed that the interval between prime and booster inoculations was important, where animals boosted at a 8 or 16 week interval generated protective immunity, while animals boosted at a 43 week interval were not protected. This corroborates findings from the Karonga study\[[@ref28]\] on human BCG vaccination, where boosting children years after their primary BCG vaccination did not produce a demonstrable increase in protection. A recent booster BCG vaccine study in Brazilian children\[[@ref29]\] showed that long term boosting does provide a measurable increase in vaccine protection in some regions, where environmental mycobacteria do not appear to interfere with protective immunity generated following prime BCG vaccination. The age of animals at primary vaccination may also be important as the prime-boost effect we see in 3 month old deer was not seen in vaccinated neonatal (1 day old) calves, where a single dose of BCG provided optimal protection.\[[@ref30]\]

Not only has the deer infection model been valuable in evaluating vaccine mediated protection but it also has provided insights into heritable resistance and susceptibility to TB in deer. Experimental infection of a group of 75 stags was used to select small groups (3) of animals which displayed an extreme phenotype for either resistance (R) or susceptibility (S) to TB challenge.\[[@ref31]\] Semen from R and S animals was used in an artificial insemination program to breed offspring which were subsequently challenged with *M. bovis* by the intratonsilar route. The results show that resistance or susceptibility to TB is highly heritable (0.48 ± 0.096). Subsequent field studies confirmed that heritability and selection for resistance to TB was evident on a deer farm that experienced a catastrophic outbreak of TB.\[[@ref32]\]

The establishment of the diagnostic platform for TB in deer in the 1980s and the subsequent development of experimental TB infection models have been extended into an equivalent program for control of *M. paratuberculosis* infection, which is the causative agent for JD in deer.\[[@ref33]\] In the past decade our laboratory has developed and validated an immunoassay for JD (Paralisa^TM^) in deer\[[@ref34]\] and developed a sensitive molecular (quantitative polymerase chain reaction) assay to monitor microbial pathogens excreted in feces or present in intestinal tissues.\[[@ref35]\] Extensive histopathological assessments\[[@ref36]\] are also required to confirm the infection or disease status of each animal that has been infected with *M. paratuberculosis* as each may respond differently to an equivalent exposure to this mycobacterial pathogen. We have also developed a *M. paratuberculosis* experimental infection model for deer,\[[@ref37]\] which replicates many of the key features originally incorporated into the TB infection model. Because JD is an enteric infection it is possible to establish infection and disease at predictable levels in young deer by oral gavage with virulent *M. paratuberculosis*. We have also been fortunate to identify different breeds of farmed deer that express extreme phenotypes for resistance and susceptibility to infection.\[[@ref38]\] Breeding from stags with a R or S phenotype shows high levels of heritability for the paternal phenotype, where up to 80% of progeny express the same phenotype as the sire. This facilitates cost-effective breeding of animals with a prescribed phenotype for disease resistance or susceptibility. These are especially valuable because animals with a susceptible phenotype provide an immunological signature for the infected or diseased phenotype. By contrast, animals with a resistant phenotype can be used to target protective immune pathways such as would be required to produce protective immunity following vaccination. The challenge has been to extend the historical concept of immune diagnostics beyond the limited scope in diagnosing infection or disease to include the spectrum of reactivity that occurs following infection and provide a metric that is predictive for different phenotypic responses in the host. These include:

Exposed-Immune-Infected-Diseased.

Phenotype: Resistant(R)-Intermediate(I)-Susceptible(S).

While the composite BTB diagnostic test developed for TB in deer\[[@ref20]\] has provided some initial insights into different phenotypic responses to TB, the small range of biomarkers markers available (inflammatory/antibody/T-cell) do not provide sufficient clarity to distinguish different phases of infection. Considering the complexity of the host response it is likely that a new systems based approach will be required to chart the relevant diagnostic markers for diagnosis of mycobacterial infections/disease, protective immunity to vaccines or to identify susceptible or resistant phenotypes. This approach incorporates monitoring gene expression levels for an array of immunological markers involving both the adaptive (T-cell)\[[@ref39]\] and the innate (Macrophage --Mϕ)\[[@ref40][@ref41]\] pathways of immunity. The initial findings suggest that it will be possible to assemble an array of markers that can be correlated with different animal phenotypes that distinguish infection, latency, disease or immunity. It appears that susceptibility is associated with dysfunctionality of the innate system, while resistance relates to immune competence of the adaptive T-cell responses. Fortuitously, access to new molecular technologies circumvents the need for customized reagents when studying complex immune responses to infection. Based on published genomic data from other ruminants (cattle/sheep) it is possible to design primers for any annotated gene sequence in the database and monitor equivalent gene expression in more exotic animals such as deer. The use of transcriptomics to monitor gene expression and parallel sequencing can be used to identify candidate genes that contribute to functional immunity in experimentally infected animals. A similar approach involving the monitoring of biomarkers has been proposed for diagnosis of human TB.\[[@ref42]\]

**Source of Support:** Nil

**Conflict of Interest:** None declared.
